Histone H3 proteins play fundamental roles in DNA packaging, gene transcription, and the transmission of epigenetic states. In addition to posttranslational modifications of their N termini, the use of H3 variants contributes to their regulatory repertoire. Canonical histone H3.2 is expressed during S phase and differs by four amino acid residues from the variant histone H3.3, which is synthesized in a cell-cycle-independent manner [1]. Because H3.3 is enriched within actively transcribed loci [1] [2] [3] , and because di-and trimethylation of H3 lysine 4 are hallmarks of chromatin at such sites in the genome [4], the H3.3K4 residue is considered to serve as the major regulatory determinant for the transcriptional state of a gene. Here we use genetic approaches in Drosophila to replace all 46 gene copies of His3.2 with mutant derivatives and thereby demonstrate that canonical and variant H3 can functionally replace each other. Cells are able to divide and differentiate when H3.2 is entirely absent but replaced by S phase-expressed H3.3. Moreover, although slowed down in their proliferative capacity, cells that code for a nonmethylatable residue instead of K4 in all canonical and variant H3 genes are competent to respond to major developmental signaling pathways by activating target gene expression. Hence, the presence of different H3 protein species is not essential in Drosophila and transcriptional regulation can occur in the complete absence of H3K4 methylation.
Summary
Histone H3 proteins play fundamental roles in DNA packaging, gene transcription, and the transmission of epigenetic states. In addition to posttranslational modifications of their N termini, the use of H3 variants contributes to their regulatory repertoire. Canonical histone H3.2 is expressed during S phase and differs by four amino acid residues from the variant histone H3.3, which is synthesized in a cell-cycle-independent manner [1] . Because H3.3 is enriched within actively transcribed loci [1] [2] [3] , and because di-and trimethylation of H3 lysine 4 are hallmarks of chromatin at such sites in the genome [4] , the H3.3K4 residue is considered to serve as the major regulatory determinant for the transcriptional state of a gene. Here we use genetic approaches in Drosophila to replace all 46 gene copies of His3.2 with mutant derivatives and thereby demonstrate that canonical and variant H3 can functionally replace each other. Cells are able to divide and differentiate when H3.2 is entirely absent but replaced by S phase-expressed H3.3. Moreover, although slowed down in their proliferative capacity, cells that code for a nonmethylatable residue instead of K4 in all canonical and variant H3 genes are competent to respond to major developmental signaling pathways by activating target gene expression. Hence, the presence of different H3 protein species is not essential in Drosophila and transcriptional regulation can occur in the complete absence of H3K4 methylation.
Results and Discussion
Genetic approaches to define the functional significance of histone H3-based chromatin diversification have long been limited. Histone genes are present in numerous copies in the genomes of all multicellular organisms. This exceptional circumstance helped histone genes to be among the first eukaryotic genes that were successfully cloned and molecularly characterized [5] [6] [7] , but it also represented the major obstacle for proper genetic analysis of their function. Although genetic experiments were lacking, biochemical observations on the distribution of histone proteins within genomes and on posttranslational modifications have led to models that still await genetic validation. Here we used recently developed tools [8] [9] [10] to simultaneously manipulate canonical H3.2 and variant H3.3 in vivo. As a result, we could address important questions regarding the existence of histone H3 variants and the role of lysine 4 methylation. We focused on these two issues first because they have been implicated in the initiation and maintenance of transcriptionally active states.
In our previous attempts to genetically manipulate H3 function, we generated null alleles of the two genes encoding variant H3.3 (His3.3A and His3.3B). Animals entirely lacking both of these genes were viable but infertile [9, 10] . The observed infertility might reflect either insufficient levels of histone H3 proteins or a specific requirement for the particular H3.3 variant sequence during gametogenesis. To resolve this issue, we established a transgene in which the cis-regulatory elements of His3.3B directed expression of the H3.2 coding sequence. Because HA or GFP tags compromise H3 protein function [10] (unpublished data), we did not incorporate tags. The His3.3B promoter >H3.2 untagged transgene rescued the infertility of H3.3 double-mutant animals. Flies without any H3.3 protein could be maintained as a permanent stock. We conclude that, as in the soma, the specific amino acid differences distinguishing variant H3.3 from the canonical H3.2 are not essential when adequate overall histone H3 levels are present during gametogenesis.
To evaluate in the opposite direction whether H3.3 can also replace H3.2, we wanted to substitute the coding capacity of the His3.2 genes with that of His3.3. To this end, we had to overcome the considerable technical challenge posed by the highly repetitive character of the canonical histone genes in multicellular organisms. In Drosophila melanogaster, 23 histone gene units (His1-His2B-His2A-His4-His3.2) have been annotated at cytological position 39D-E. For our genetic manipulations, we used animals carrying a deficiency uncovering this entire histone complex in combination with 12 or 6 transgenic copies of histone gene units inserted on the third chromosome [8] . Moreover, mitotic recombination was induced experimentally resulting in randomly distributed cells becoming homozygous for the histone deficiency in a heterozygous background (see details in Figure S1 available online). In an initial experiment in imaginal discs, we evaluated whether such homozygous deficient cells proliferated to form clones. Homozygous deficient clones were not observed unless rescued by 12 or 6 transgenic copies of a wild-type histone gene unit in the background ( Figures 1A-1C ). Because we could not detect a difference in rescue activity between 12 versus 6 copies in our clonal analyses, we used either of the two arrangements for subsequent analyses.
When His3.2 was deleted from the transgenic rescuing repeats, homozygous deficient cells survived and divided, but were severely growth impaired compared to their wildtype siblings ( Figure 1D ). The absence of H3.2 led to an overall reduction of anti-H3 staining in these clones ( Figure 1D, inset) . The remnant anti-H3 signals and the survival of these His3.2-deficient clones might reflect partial compensation by H3.3. Indeed, no His3.2-deficient clones were observed when clones were induced in a genetic background that was also mutant for both His3.3 genes ( Figure 1F ). Conversely, when we provided in addition to the endogenous His3.3 expression also transgene-derived H3.3 in an S phase-dependent manner (by introducing the four amino acid changes in the His3.2 coding region of the transgenic histone gene unit), the growth delay and overall reduction of H3 levels were rescued ( Figure 1E ). Such His3.2-deficient cells with sufficient H3.3 can divide and differentiate into appropriate adult structures ( Figure 1I ).
Similarly, we found that embryos of this genotype survive into the first instar larval stage and show no obvious patterning defects ( Figure 1L ). These observations, together with our previous findings, indicate that either of the two H3 species can functionally compensate for the lack of the other, as long as its expression is such that adequate protein levels are provided.
H3.2 and H3.3 have been reported to carry a differential set of posttranslational modifications [11] . We were wondering whether such modifications are specified by the H3 type or by context-dependent factors. One of the most prominent modifications enriched in H3.3 is trimethylation on lysine 4 (H3K4me3), a modification implicated in transcriptional activation and gene activity. We do not find any changes in the H3K4me3 levels in wing disc clones solely expressing H3.3 protein ( Figure 2C ), indicating that this methylation mark is placed readily on either H3 protein species.
H3.3 has been implicated in nucleosome destabilization, promoting DNA accessibility and transcription when incorporated in regulatory regions and genes [12, 13] . The ability to generate H3.2 null cells allowed us to assay whether repressed gene states are maintained when H3.3 is the only expressed variant. Ultrabithorax (Ubx), for example, is expressed in a specific subset of cells in haltere and leg discs but repressed in the wing disc [14] . We could not observe any derepression of Ubx gene activity in clones exclusively expressing H3.3 (Figure 2F) . Similarly, Abdominal B (Abd-B), a Hox gene expressed in the genital disc in Drosophila, is also not derepressed in clones of the wing disc ( Figure S2 ), and engrailed (en), a selector gene whose expression is restricted to the posterior compartment of the wing disc, is not ectopically expressed in clones located in the anterior compartment ( Figure S2 ). Because such clones differentiate into normally patterned territories of adult tissues ( Figure 1I ), we also infer that other genes normally silent in wing discs remain so under these experimental conditions. We conclude that the transition from normal chromatin with both H3.2 and H3.3 to altered chromatin with H3.3 replacing H3.2 during clone development is not sufficient to derepress gene activity. Thus, H3.3 is presumably able to adopt the posttranslational modifications that are typically bestowed upon H3.2 to maintain transcriptional repression [11] .
One of the most surprising discoveries in our previous study was the indifference of cells to the methylation state of H3.3K4 [9] . Although these findings challenged the pivotal role that had been ascribed to trimethylation of H3.3K4, they did not allow us to assess the function of H3K4 methylation per se, because in the absence of H3. have substituted H3.3 as a carrier for K4 methylation. With the long-sought-after system to genetically manipulate all 46 copies of the His3.2 genes [8], we were now in the position to address this issue. Cells were generated in which both His3.3 loci and all 46 copies of His3.2 were deleted and replaced by transgenes encoding nonmethylatable forms (H3.3K4A and H3.2K4A, or H3.3K4R and H3.2K4R). Clones of such genotypes survive and are smaller than their twin spots ( Figures 3B and 3C) . We also generated this genotype in a Minute background, where mutant clones grow to a larger size ( Figures 3D and 3E ). As expected, cells of such clones did not exhibit any anti-H3K4me3 signal above background ( Figures 3A-3E ). Yet, when assayed for expression of Senseless, Patched, Spalt, and Cut, which are targets for the Wg, Hh, Dpp, and Notch signaling pathways, respectively, they did not reveal diminished signals ( Figures 3F-3H and S3 ). Analogously, genes that are normally repressed in the wing imaginal disc (Ubx, Abd-B) are not derepressed in the absence of H3K4 methylation (data not shown). In haltere and genital discs, in which Ubx and Abd-B are normally active, respectively, their expression could be readily detected in clones mutant for H3K4, although some clones show a slight reduction in the case of Ubx expression ( Figure S3 ). In summary, although these pan-H3K4 mutant cells are growth retarded, they are still able to activate and maintain target gene expression in response to developmental signaling pathways.
Conclusions
The stunning evolutionary conservation of canonical versus variant H3 proteins [15] , coupled to the finding that H3.3 distribution correlates with sites of active transcription [4] , led to the notion that the two major H3 forms assume different roles in cells due to different protein sequences. Here we show that canonical and variant H3 can largely compensate for each other's absence and that the major difference resides in their mode of transcriptional regulation. Specifically, we generated animals or cell clones that expressed exclusively either the H3.2 or the H3.3 type. Whereas the lack of H3.2 can only just be overcome by the H3.3 provided by the two wild-type His3.3 genes, we observed significant rescue if extra H3.3-encoding genes are introduced under the control of His3.2 regulatory sequences. Conversely, animals null mutant for both His3.3 genes are not only viable but even fertile if H3.2 is expressed under the His3.3B promoter. Hence, the four amino acids that distinguish H3.2 and H3.3 do not preclude the two proteins from assuming each other's functions. This in turn indicates that neither the chaperones and machineries regulating H3 deposition, modification, and turnover nor the ''readers'' that are recruited by a particular histone code discriminate between H3.2 and H3.3. Although biochemical measurements suggest that H3.3-containing nucleosomes are less stable and primarily incorporated around transcriptional start sites, we do not see any functional requirement for either H3.2 or H3.3 for nucleosome stability or turnover in the course of standard gene activation.
Furthermore, because we see correct transcriptional activation and repression in wing disc cells exclusively expressing either H3.2 or H3.3, the notion that H3 identity determines the activity state of chromatin domains cannot be upheld. Thus, functional diversification of chromatin is largely established by posttranslational histone modifications and their readers. As our observations regarding H3K4me3 suggest, newly incorporated histone proteins are modified according to the local genomic context, irrespective of their identity.
Finally, the recent increase in number of signal transduction components implicated in either reading or conferring di-and trimethylation of H3 lysine 4 (reviewed in [16] ) prompted us to extend our analysis on the role of H3K4 in the transcriptional activation of genes targeted by these factors. Although the diminished proliferative behavior of cells mutant for all H3K4 residues clearly indicates a requirement for this residue, we failed to detect an obvious effect on the transcriptional activity of typical targets of four major signaling pathways involved in imaginal disc development. Even Hox gene expression, which had been proposed to be controlled by H3K4 methylation (reviewed in [17] ), can occur in clones mutant for H3K4. We cannot exclude that individual genes are reduced in their expression (like shown for Ubx), yet we find no ultimate requirement for H3K4 methylation in the course of gene expression. These results do not support the classical model of a histone code, in which sequential or combinatorial histone marks specify unique biological outputs [18] , nor do they support an ultimate role of H3K4 methylation in indexing nucleosomes for dynamic turnover which serves as a prerequisite for transcription [19] . We speculate that H3K4 methylation contributes to the robustness of transcriptional outputs, for example under stress conditions. A recent study reports that H3K4 and its methylation are involved in yeast DNA damage response, yet redundantly with the presence of the N terminus of H2A [20] . It remains to be tested whether a similar redundancy exists in Drosophila. We can also envision that effector proteins simultaneously recognize a combination of histone modifications, and that the diminished proliferative capacity we observe for our H3K4A mutant cells could be a result of suboptimal binding of such factors and decreased downstream reaction kinetics. Further analysis will have to provide insights into the actual, subtle role of K4 methylation.
Experimental Procedures
Cloning Modifications in the His3.2 gene were introduced via site-directed mutagenesis or overlap-extension PCR using the histone gene unit described in [8] . The H3.2K4 codon (AAG) was recoded to alanine (GCG) or arginine (AGG). For the His3.2 promoter >H3.3 version, H3.2A31 (GCC) was changed to serine (TCC) and the sequence TCGGCGGTTATG encoding amino acids 87-90 was changed to GCGGCGATTGGG. For the DH3 construct, the ATG start codon was mutated to AGA, thereby inserting a SacI restriction site, and in addition a 1 bp deletion was introduced at codon 90 to destroy the second in-frame ATG and shift the succeeding reading frame. Further cloning and transgenesis was performed as described previously [8] .
Drosophila Stocks and Genetics Flies were grown under standard conditions. The histone locus deficiency used in this study (hereafter termed BSC104) was obtained via FRT/flpmediated recombination between P elements PBac(WH)f05491 and P(XP) d03256. For induction of clones homozygous for the histone locus deficiency BSC104, we recombined the deficiency with FRT40A and additional components on chromosome 2L (ubiGFP and/or His3.3A
2 ) and 2R (genomic rescue His3.3B) where applicable. Animals were subjected to heat shock (37 C, 30 min) 48-72 hr after egg deposition and were dissected at thirdinstar stage or grown to adulthood for analysis of adult wing structures. Full genotypes of the animals analyzed are as follows:
Figures 1A-1E, 2, and S2: y,w hsp70-flp; BSC104, FRT40A/ubiGFP, FRT40A; 63HisGU/(+) Figure 1F: 
Cuticle Preparations
In Figures 1J-1L , the fly stock y,w, hsp70-flp; BSC104, FRT40A/ Cyo twiGal4, 23UAS GFP; 63HisGU was analyzed for progeny lacking the fluorescently labeled balancer chromosome. These embryos, homozygous mutant for the histone deficiency, were dechorionated and mounted in 1:1 Hoyer's medium/lactic acid.
Immunohistochemistry
Immunostaining of Drosophila wing imaginal discs and embryos was performed according to standard protocols. Primary antibodies used in this study were as follows: Probes) were used at a dilution of 1:800. Images were acquired using a Zeiss LSM 710 confocal microscope, and image processing was performed in ImageJ and Adobe Photoshop. Measurements of clone area were performed for four discs per genotype. Total twin spot area (GFP 2/2 ) was compared to total clone area (GFP +/+ ) per disc.
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